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Description 

[0001] The present invention relates to a method f 
passivating microelectronic structures and in particular 
relates to passivation of silicon carbide structures using 
silicon dioxide. 

[0002] Silicon carbide (SiC) has a number of theoret- 
ical and practical advantages that make its use desira- 
ble in microelectronic devices. These advantages are 
fairly welt known and include a wide band gap, a high 
breakdown field, high thermal conductivity, high electron 
drift velocity, excellent thermal stability, and excellent ra- 
diation resistance or "hardness.* These advantages 
have been recognized and described thoroughly in the 
patent and nonpatent literature. 
[0003] One of the chemical advantages of silicon car- 
bide is its ability to form a stable and well understood 
oxide, namely silicon dioxide (Si0 2 ) p that can be used 
to passivate silicon carbide structure, and devices. As 
known to those familiar with electronic devices, an ap- 
propriate thermally-grown oxide passivation layer pro- 
vides an associated advantageous oxide-semiconduc- 
tor interface that largely eliminates the presence of dan- 
gling bonds (sometimes referred to as dangling valenc- 
es) on the semiconductor surface, and thus largely elim- 
inates the associated problems such as interface charg- 
es arid traps. 

[0004] There are, however, some problems that arise 
from silicon dioxide passivation on silicon carbide be- 
cause of certain properties of silicon carbide. In partic- 
ular, a common p-type dopant for silicon carbide is alu- 
minum. Although aluminum gives the highest p-type 
conductivity in silicon carbide, it recently has been dis- 
covered that the presence of aluminum incorporated in- 
to the thermally grown oxide passivation layers on p- 
type silicon carbide tend to cause high fixed oxide 
charge and high trap density at the silicon dioxide-silicon 
carbide interface. If the aluminum concentration is suf- 
ficiently high (for example when an oxide is grown on p + 
silicon carbide) the resulting oxide can have very high 
leakage currents, rendering it disadvantageous or even 
useless for passivation or electrical isolation. This prob- 
lem does not occur when passivating silicon with silicon 
dioxide because aluminum is not a common dopant for 
silicon. • 

[0005] As a result of these characteristics, when ther- 
mally grown oxides have been used to passivate struc- 
tures such as mesa p+n* junctions in silicon carbide, the 
resulting devices tend to demonstrate excessive leak- 
age currents in reverse bias at relatively high voltages 
(i.e., greater than 50 volts). This leakage current is ap- 
parently caused by the poor quality of the passivation 
on the p+ side of the junction, causing what effectively 
amounts to a short circuit around the junction. In some 
p-channel MOSFETs (metal-oxide-semiconductor field 
effect transistor), the gate contact has been observed 
to short entirely through the oxide where it overlaps the 
p* source and drain wells. 
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[0006] Additionally, in n-channel MOSFETs, where 
the electrical integrity of the oxide layers over the alu- 
minum doped p-type channel r gion are extremely im- 
portant, the high int rface trap density and fixed oxide 

5 charge tend to caus the transistors to have high thresh- 
old voltages, low transconductances, low channel mo- 
bilities at room temperature, and all of which properties 
tend to change dramatically with temperature. As these 
MOSFETs are heated, their behavior improves because 

io the increasing density of thermally generated carriers 
tend to fill the interface traps. 
[0007] Another problem that arises from the differ- 
ence between silicon carbide and silicon is that carbon- 
oxygen compounds are generated by the oxidation of 

15 silicon carbide during passivation that are not generated 
during passivation of silicon. Although not known for cer- 
tain, these carbon -oxygen species may have their own 
degrading effect on the electrical integrity of silicon di- 
oxide layers grown on silicon carbide, possibly contrib- 

20 uting to fixed oxide charge and premature electric break- 
down or wear out. 

v [0008] Finally, earlier work has demonstrated that n- 
type dopants such as nitrogen tend to pile up severely 
during thermal oxidation of silicon carbide, resulting in 

25 an interfacial concentration more than ten times higher 
than the bulk of the material. Such dopant pile up could 
additionally have a profound effect on the electrical 
characteristics of devices such as MOSFETs. 
[0009] Therefore, there exists the need to develop a 

30 method for passivating silicon carbide device structures 
advantageously with silicon dioxide while avoiding the 
aforementioned problems. 

[0010] In the patent application EP-A-0 363 944 an 
isolation oxide layer is formed on SiC by oxidation of a 

35 n-type SiC epitaxial layer. In the document DE-A-3 434 
727 is disclosed the formation of a MOS structure on a 
SiC substrate comprising the deposition of a sacrificial 
silicon thin film, for example by decomposition of silane, 
and the oxidation of the sacrificial silicon thin film to pro- 

40 duce the oxide. 

[001 1] The present invention consists in a method of 
obtaining high quality passivation layers on aluminium- 
doped, p-type silicon carbide surfaces that have a lower 
leakage current than passivation layers produced by 

<6 thermally oxidizing p-type silicon carbide, the method 
comprising depositing a layer of silicon dioxide of a de- 
sired thickness on an aluminium-doped p-type silicon 
carbide portion of a device structure and without oxidiz- 
ing the p-type silicon carbide portion; and thereafter ox- 

60 idizing the device structure and the deposited silicon di- 
oxide portion of the device structure to slightly extend 
the interface between the silicon dioxide and the alumin- 
ium-doped p-type silicon carbide into the aluminium- 
doped p-type silicon carbide portion. 

55 [0012] There can thus be obtained high quality passi- 
vation layers on silicon carbide surfaces, and their as- 
sociated high quality oxide-semiconductor interfaces in 
which the oxide passivation layers are substantially free 
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of dopants and carbon-oxygen by-product species that 
would otherwise degrade the I ctrical Integrity of the 
oxide layer. 

[0013] The for going and other objects, advantag s 
and features of the invention, and the manner in which 
the same are accomplished, will become more readily 
apparent upon consideration of the following detailed 
description of the invention taken in conjunction with the 
accompanying drawings which illustrate preferred and 
exemplary embodiments, and wherein: 

Figure 1 is a plot of drain current-voltage character- 
istics of a 6H-SiC inversion-mode MOSFET at (a) 
■ 298K, (b) 473K, and (c) 673K; 

Figure 2 is another plot of drain current-voltage 
characteristics for a 6H-SiC n-channel inversion- 
mode MOSFET showing the effects of reducing alu- 
minum in the oxide and measured at (a) 29BK t (b) 
423K, and (c) 573K; ■' 

Figures 3(a) and 3(b) are the initial and final device 
structures for an n-channel planar MOSFET struc- 
ture; and 

Figures 4(a), (b), and (c) are progressive cross-sec- 
tional views of the processing methodology for a hi- 
lolMPATTdiode. 

[001 4] The present invention is a method of obtaining 
high quality passivation layers on silicon carbide surfac- 
es. 

[0015] The oxidizing step preferably comprises ther- 
mal oxidation of the device structure. 
[0016] The preferred method of depositing a layer of 
silicon dioxide of a desired thickness on the silicon car- 
bide portion comprises depositing the layer by chemical 
vapour deposition. 

[0017] The silicon carbide portion preferably has a 
polytype selected from the 6H, 3C, 4H, 2H and 1 5R pol- 
ytypes of silicon carbide. 

[0018] The method of the invention can be used to 
produce a silicon carbide base device structure having 
passivation areas that are substantially free of the im- 
purities normally associated with oxides grown on sili- 
con carbide. The structure comprises a silicon carbide 
portion, and a thermally grown oxidation layer upon the 
silicon carbide portion, the oxidation layer being sub- 
stantially free of aluminum and of carbon-oxygen by- 
products typically associated with thermal oxidation of 
silicon carbide. In the most preferred.device structure, 
the oxidation layer has an aluminum dopant concentra- 
tion of 3E1 7 (3 x 10" 17 cm* 3 ) or less. As known to those 
familiar with silicon carbide and with microelectronic de- 
vice structures, the silicon carbide portion of the device 
structure can be selected from substrates, epitaxial lay- 
ers, mesa sidewalls, implanted or diffused wells, and 
any combination of these structural Jements. 
[0019] Figures 1 and 2, although not representing 
identical d vices, demonstrate some of the advantages 
of the present invention. Figure 1 is a set of three plots 



of drain current versus drain voltage at select d gate 
voltages for a 6H-SiC inversion-mode MOSFET at tem- 
peratures of 298K, 473K, and 673K. The techniques of 
the present invention were not used in producing th 
s MOSFET characterized by Figure 1, and Figure 1 is thus 
included for comparative purposes. 
[0020] By way of such comparison, Figure 2 repre- 
sents the same information as Figure 1 taken at 298K, 
423K, and 573K in which an attempt was made to elim- 
inate aluminum entirely from the oxide. This was first 
attempted on some planar MOSFETs fabricated on the 
Si-face of silicon carbide and utilizing ion implanted rr+ 
source and drain wells. By way of further comparison, 
the device of Figure 1 was produced using dry oxide 
techniques, while that of Figure 2 was produced by a 
wet oxide process. Furthermore, the p-channel of the 
Figure 2 device contained less aluminum than the p- 
channel of the Figure 1 device. 
[0021] Appropriate techniques for producing bulk sil- 
icon carbide, epitaxial layers of silicon carbide, ion im- 
plantation of silicon carbide, and dry etching of silicon 
carbide are set forth in numerous prior patents. These 
include U.S. Patents Nos. 4,912,063; 4,912,054; 
4,865,685; 4,866,005; and 5,087,576. 
[0022] The major difference between the MOSFETs 
formed in the attempt to eliminate aluminum from the 
oxide and previous MOSFETs was the incorporation of 
a very thin layer of undoped 6H-SiC grown on top of the 
p-channel layer. The p-type layer was first grown and 
measured to have p = 4.3 x 10 16 cnr 3 . Next, an epitaxial 
layer of undoped silicon carbide only 37 nanometers 
(nm) thick (n = 2-8 x 1 0 16 cm* 3 ) was grown on top. The 
purpose of including this layer is to consume it during 
oxidation so that the SiOySiC interface stops at a point 
very close to the p-type material or only one or two mon- 
olayers into it. 

[0023] After fabricating the devices and implanting the 
wells, the device wafers were oxidized in wet oxygen at 
1200°C for 49 minutes, yielding an oxide thickness of 
62 nanometers. Assuming an oxide consumption factor 
of 0.47, and the loss of about 6 nanometers in a previous 
reactive ion etching (RIE) step, this thickness would 
have brought the SiO^SiC interface to within about 2 nm 
of the p-type material. Although it could not be specifi- 
cally confirmed whether such dimensions were really 
the case or whether the interface had aluminum present, 
it was certain that there was much less aluminum 
present in the oxide than in previous MOSFETs. 
[0024] Figures 1 and 2 show the improvements pro- 
se vided by the invention in such devices. For the device 
characterized in Figure 1 , the maximum transconduct- 
ance was 0.25 millisiemens per millimeter (mS/mm) at 
a gate voltage of +24 volts (V). The on-current at a gate 
. voltage of +16 V was 0.5 milliamps (mA). In the inven- 
ts tion, and as indicat d in Figure 2, the room temperature 
drain curr nt at a gat voltage of 16 volts was 18.6 mA 
and the transconductance at that gate voltage was 2.8 
mS/mm. The threshold voltage was about 1.9 volts, 
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which is much lower than the 9 to 12 volts obtained tor 
the devic in Figure 1 . The channel mobility was m as- 
ured to be about 46 crr^/V-sec, and the subthreshold 
leakage current (gate voltage quals 0 volts) was 560 
nanoamps (nA). 

[0025] Figures 2(b) and 2(c) show the comparative 
operation of the device at higher temperatures. When 
the temperature was raised to 150°C, as shown in Fig- 
ure 2(b), both the current and transconductance at a 
gate voltage ot 1 6 volts increased to 29 mA and 3.6 mS/ 
mm, and the threshold voltage decreased to about -0.2 
volts. This trend continued up to 300°C, as shown in Fig- 
ure 2(c). At this temperature, the current and transcon- 
ductance at the gate voltage of 1 6 volts were 35 m A and 
3.9 mS/mm, respectively. Although the threshold volt-, 
age of the device fell to -0.8 volts, the drain current at a 
gate voltage of 0 volts was only 47 microamps (uA). The 
channel mobility at 300°C decreased to about 43.5 cm 2 / 
V-sec. 

[0026] Figures 3 and 4 further illustrate the use of the 
invention and the resulting product. 
[0027] Figure 3(a) shows a device precursor broadly 
designated at 10 formed of an n-type 6H-SiC substrate 
1 1 and a p-type 6H epitaxial layer 1 2. In accordance with 
a method differing from the present invention, and in 
preparation for passivation, a sacrificiaily undoped epi- 
taxial layer ("epilayer") 13 is added upon the p-type epi- 
taxial layer 1 2. 

[0028] After oxidation and further processing the fin- 
ished device, again designated at 1 0 for the sake of con- 
sistency, is illustrated in Figure 3(b). Figure 3(b) again 
illustrates the n-type substrate 11 and p-type epitaxial 
layer 12, but also shows respective n + implanted wells 
1 4 and 15, a metallic source contact 1 6, a metallic drain 
contact 17, and a metallic gate contact 18. In preferred 
embodiments, the source and drain contacts 16,17 are 
formed of nickel and the gate contact 18 of molybde- 
num. The oxide layer 19 resulting from the oxidation of 
the undoped epitaxial layer 13, is also illustrated in Fig- 
ure 3(a). The oxide layer 1 9 is formed from the undoped 
layer 1 3 rather than from the p-type layer 1 2 to thus min- 
imize the dopant concentration in the oxide and any as- 
sociated problems. 

[0029] Figure 4 shows the progressive formation of a 
mesa type IMPATT (impact avalanche transit time) de- 
vice broadly designated at 20 and incorporating an im- 
. proved method of oxidizing a sacrificial layer of silicon 
containing material. Figure 4(a) illustrates an n-type 6H 
SiC substrate 21 , an n-type epilayer 22, a second n-type 
epilayer 23, and a p-type epilayer 24. In a typical em- 
bodiment, the first n-type epitaxial layer 22 has a carrier 
concentration of between about 2 and 3E16, the second 
n-type epitaxial layer 23 has a carrier concentration of 
about 7E17, and the p-type epitaxial layer has a carrier 
concentration of 5E1 B or higher. 
[0030] Figure 4(b) illustrates the same structure but 
with the addition of a thin layer of polysilicon 25 to both 
the mesa and rear portions of the device. The thin poly- 



silicon layer 25 is, of cours , the sacrificial layer referred 
to herein. As set forth arlier herein, in c rtain embodi- 
ments a thin boron-doped silicon carbide lay r can be 
add d between the polysilicon layer 25 and the surface 
5 or edges of th resp ctiveSiClay rs 21 , 22, 23 and 24. 
The boron-doped layer should be thick enough to keep 
aluminum from the interlace while otherwise remaining 
as thin as possible. An appropriate thickness presently 
appears to be between about 1 and 50 nm. 
70 [0031] Figure 4(c) illustrates a completed device. The 
difference from Figure 4(b) is the consumption of the 
polysilicon layer on the mesa portion of the device to 
form the passivation oxide layer 26. Again, the dopant 
concentration in the oxide layer 26 can be kept very low, 
15 particularly adjacent the heavily doped p-type epitaxial 
layer 24. As set forth earlier, if the oxide layer 26 had a 
sufficient carrier concentration, a short circuit could oc- 
cur between layers 24 and 23, thus incapacitating the 
device. 

[0032] To complete the device, Figure 4 also illus- 
trates an ohmic contact 27 to the substrate, preferably 
formed of nickel, and an ohmic contact 28 to the p-type 
epitaxial layer on the mesa, and pref erably formed of an 
aluminum alloy. 

[0033] In the invention, the method comprises oxidiz- 
ing a device structure formed of a layer of silicon dioxide 
of a desired thickness on a silicon carbide portion of the 
device structure to slightly extend the interface between 
the silicon dioxide and the silicon carbide into the silicon 
carbide portion. As in the prior art embodiments, the ox- 
idizing step preferably comprises thermal oxidation of 
the device structure. The method of the invention further 
comprises the step of depositing the layer of silicon di- 
oxide of a desired thickness on the silicon carbide por- 
tion of the device structure without oxidizing the silicon 
carbide portion prior to the step of oxidizing the overall 
device structure. In this regard, the preferred method of 
depositing a layer of silicon dioxide of a desired thick- 
ness on the silicon carbide portion comprises depositing 
the layer by chemical vapor deposition. As in the previ- 
ous embodiment, the silicon carbide portion preferably 
has a polytype selected from the group consisting of the 
6H, 3C, 4H, 2H and 15R polytypes of silicon carbide. 
Similarly, the invention has been found to be most useful 
4S when the step of depositing the layer of silicon dioxide 
comprises depositing the layer on an aluminum doped, . 
p-type portion of silicon carbide. 
[0034] It will be understood to those familiar with such 
devices that the invention can also be applied to struc- 
50 tures in addition to those illustrated herein, including p- 
channel planar MOSFETs having implanted p-type 
wells, and those in which the p-type source and drain 
are formed from epilayers that have been partially, 
etched away. In either case, an oxide typically will border 
55 both a p-portion and an n-portion of the device so that . 
any leakage through the oxide portion will essentially 
short the device, the avoidanc of which is one of the 
main advantages of the present invention. 
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[0035] The invention can also be applied to any ver- 
tical power MOSFET design in SiC, such as DDMOS 
(double diffused MOS), UMOS (U-channel MOS), or 
VMOS (V-channel MOS), that would require use of alu- 
minum as the channel dopant. 



Claims 

1. A method of obtaining high quality passivation lay- 
ers on aluminium-doped, p-type silicon carbide sur- 
faces that have a lower leakage current than passi- 
vation layers produced by thermally oxidizing p- 
type silicon carbide, the method comprising: 

depositing a layer (1 3) of silicon dioxide of a de- 
sired thickness on an aluminium-doped p-type 
silicon carbide portion (1 2) of a device structure 
and without oxidizing the p-type silicon carbide 
portion; and thereafter; 

oxidizing the device structure (12) and the de- 
posited silicon dioxide portion (1 3) of the device 
structure to slightly extend the interface be- 
tween the silicon dioxide and the aluminium- 
doped p-type silicon carbide into the alumini- 
um-doped p-type silicon carbide portion. 

2. A method according to claim 1 wherein the step of 
oxidizing the device structure comprises thermally 
oxidizing the device structure. 

3. A method according to claim 1 or claim 2 wherein 
the layer of silicon dioxide is deposited on the silicon 
carbide portion of the device by chemical vapour 
deposition. 

4. A method according to any preceding claim wherein 
the silicon carbide portion has a polytype selected 
from the group consisting of the 6H, 3C, 4H, 2H and 
15R polytypes of silicon carbide. 



Patentanspruche 

1 . Verfahren zur Erzeugung von Passivierungsschich- 
ten hoher Qualitat auf aluminiumdotierten Silicium- 
carbidoberflachen vom p-Typ, die einen geringeren 
Verluststrom als Passivierungsschichten haben, 
welche durch thermische Oxidation von Silicium- 
carbid vom p-Typ erzeugt werden, wobei das Ver- 
fahren darin besteht, daG man 

eine Schicht (13) von Siliciumdioxid einer er- 
wunschten Dicke auf einem aluminiumdotier- 
ten Siliciumcarbidbereich vom p-Typ (12) einer 
Vorrichtung und ohne Oxidation des Silicium- 
carbidbereiches vom p-Typ abscheidet und da- 
nach 



die Vorrichtung (12) und den abgeschiedenen 
Siliciumdioxidb reich (1 3) der Vorrichtung oxi- 
diert, urn die Grenzflache zwischen dem Silici- 
umdioxid und dem aluminiumdotierten Siiici- 
s umcarbid vom p-Typ etwas in den aluminium- 

dotierten Siliciumcarbidbereich vom p-Typ zu 
erstrecken. 

2. Verfahren nach Anspruch 1 , bei dem die Stuf e des 
to Oxidierens der Vorrichtung thermisches Oxidieren 

der Vorrichtung umf al3t. 

3. Verfahren nach Anspruch 1 Oder 2, bei dem die Si- 
liciumdioxidschicht auf dem Siliciumcarbidbereich 

is der Vorrichtung durch chemische Abscheidung aus . 
der Dampfphase abgeschieden wird. 

4. Verfahren nach einem der vorausgehenden An- 
spruche, bei dem der Siliciumcarbidbereich einen 

20 Polytyp hat, der aus der Gruppe ausgewahlt ist, die 
aus den 6H-, 3C-, 4H-, 2H- und 15R-Polytypen von 
Siliciumcarbid besteht. 



2$ Revendicatlons 

1. Precede* pour obtenir des couches de passivation 
de haute quality sur des surfaces en carbure de si- 
licium du type p dope a Paluminium qui ont un cou- 

30 rant de fuite plus faible que les couches de passi- 
vation produites en oxydant thermiquement du car- 
bure de silicium du type p, le procedS comprenant 
les Stapes de : 

3S - d6poser une couche (1 3) dedioxydede silicium 
d'une 6paisseur souhaitee sur une partie en 
carbure de silicium de type p dope a Palumi- 
nium (12) d'une structure de dispositif et sans 
oxyder la partie de carbure de silicium de type 

40 ; p; etensuite; 

oxyder la structure de dispositif (1 2) et la partie 
de dioxyde de silicium depose" (13) de la struc- . 
ture du dispositif pour legerement Stendre in- 
terface entre le dioxyde de silicium et le carbure 

& de silicium de type p dope a Paluminium dans 

la partie de carbure de silicium de type p dope 
a Paluminium. 

2. Proced6 selon la revendication 1 , dans iequel Peta- 
50 pe d'oxyder la structure de dispositif comprend 

d'oxyder thermiquement la structure de dispositif. 

3. Proced6 selon la revendication 1 ou la revendica- 
tion 2, dans Iequel la couche de dioxyde de siiicium 

55 est deposee sur la partie en carbure de silicium du 
dispositif par deposition en phase vapeur par pro- 
cede chimique. 
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4, Proc§d6selonrunequeiconquedesr vendications 
pr6c6dentes, dans lequel la partie en carbure de si- 
licium comports un polytyp choisi a partir du grou- 
ps constitue des polytypes 6H, 3C, 4H. 2H et 15 R 
de carbure ds silicium. ■ s 
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DRAIN VOLTAGE (V) 

FIG. 2 A. 
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FIG. 2C. 
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